Metal nanofilm in strong ultrafast optical fields by Apalkov, Vadym & Stockman, Mark I.
ar
X
iv
:1
20
9.
22
45
v4
  [
co
nd
-m
at.
me
s-h
all
]  
19
 D
ec
 20
12
Metal nanofilm in strong ultrafast optical fields
Vadym Apalkov and Mark I. Stockman
Department of Physics and Astronomy, Georgia State University, Atlanta, Georgia 30303, USA
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We predict that a metal nanofilm subjected to an ultrashort (single oscillation) optical pulse of a
high field amplitude ∼ 3 V/A˚ at normal incidence undergoes an ultrafast (at subcycle times . 1 fs)
transition to a state resembling semimetal. Its reflectivity is greatly reduced, while the transmissiv-
ity and the optical field inside the metal are greatly increased. The temporal profiles of the optical
fields are predicted to exhibit pronounced subcycle oscillations, which are attributed to the Bloch
oscillations and formation of the Wannier-Stark ladder of electronic states. The reflected, trans-
mitted, and inside-the-metal pulses have non-zero areas approaching half-cycle pulses. The effects
predicted are promising for applications to nanoplasmonic modulators and field-effect transistors
with petahertz bandwidth.
PACS numbers: 71.30.+h 73.50.Fq 42.65.Re 71.45.Gm
Behavior of solids in strong ultrafast optical fields
has recently attracted a great deal of attention [1–11].
Such fields produce non-perturbative effects on solids,
among which are ultrafast optical breakdown [1], attosec-
ond ionization [3, 4], metallization of dielectric nanofilms
[6, 9], optical field-effect reversible subfemtosecond cur-
rents in dielectrics [10], and electron tunneling from sur-
faces [2, 7, 8]. For dielectrics, when optical field is ap-
plied with frequency ~ω low enough compared with the
band gap ∆vc between the valence a conduction bands,
mostly adiabatic processes take place such as Wannier-
Stark (WS) localization and formation of the WS ladder
of levels [12, 13] separated by the Bloch frequency [14]
ωB = |e|Fa/~, where e is electron charge, F is the mag-
nitude of the field, and a is the lattice constant. Only
when the field F exceeds critical field Fc = ∆vc/(|e|a) ∼
2.5 V/A˚ (for ∆ ∼ 10 eV and a ∼ 4 A˚), the band gap
is overcome by the WS splitting, and the diabatic cou-
pling of the valence and conduction band becomes strong,
which can lead, in particular, to optical breakdown [10].
In contrast, this Letter deals with strong optical fields
applied to good (plasmonic) metals where there is no
band gap at the Fermi surface and, consequently, no adi-
abaticity for relatively low fields. In such a case, there
are a high optical conductivity and a skin layer with a
depth ls ∼ 25 nm [15]. Consequently for metal thickness
h & ls, a significant or dominating fraction of the incident
radiation energy is reflected. Interaction of the radiation
with the metal becomes adiabatic only when the optical
field is strong enough so ωB ≫ ω. The plasmonic metal
behavior seizes and WS localization [12, 13] is estab-
lished when, during a quarter optical period t = π/(2ω),
an electron acquires momentum π|e|Ft that exceeds the
width 2π~/a of the Brillouin zone. This condition is
satisfied when the optical field F exceeds a critical field
Fc = 4~ω/(|e|a) ∼ 2 V/A˚ for ~ω = 1.55 eV. Note that
at this field the WS states are already strongly localized,
lWS ≪ a, where lWS = ~
2/
(
ma2|e|F
)
is the WS local-
ization radius, and m is electron mass. For F & Fc, the
strong-field regime for the metal sets on.
As we predict in this Letter, in the strong-field regime
the optical properties of the metal differ dramatically
from those at low to moderate fields, becoming remi-
niscent of semimetals: plasmonic properties and strong
reflection associated with the skin effect are suppressed
during subcycle time intervals driven by the instanta-
neous optical field. Light transmission through the metal
is increased but the optical absorption in the metal is re-
duced at very high fields. Ultrafast behavior of the metal
is radically changed: both the reflection and transmis-
sion exhibit subcycle Bloch-type oscillations with period
τF ∼ 2π/ωB; e.g., τF ∼ 0.5 fs for F = 2.5 V/A˚. Thus,
the strong optical field is predicted to cause ultrafast re-
sponse of the metal irrespectively of the frequency and
duration of the excitation pulse. Under these conditions,
the Bloch oscillations are predicted to manifest them-
selves in natural metals, while earlier such oscillations
were observed only in artificial semiconductor superlat-
tices – see, e.g., Refs. 16–18. These predicted strong-field
effects open up routes toward using metals as active ele-
ments for deep ultrafast modulation of optical fields – cf.
the perturbative modulation in active plasmonics [19].
Consider an ultrashort optical pulse incident normally
on a metal nanofilm. Propagation of such a pulse is de-
scribed by the Maxwell equations where dielectric polar-
ization is determined by quantum dynamics of the elec-
trons in the metal. This dynamics is described by the
Schro¨dinger equation in the presence of the electric field
inside the metal. We neglect the Coulomb scattering of
electrons because the characteristic time τs of such scat-
tering in metals significantly exceeds the length of our
optical pulse (e.g., τs = 20− 50 fs in silver [15]).
We solved numerically the coupled system of the
Maxwell and Schro¨dinger equations using the finite dif-
ference time domain (FDTD) method [20, 21] for a finite-
size system with the absorbing boundary conditions for
Maxwell equations. The tight-binding model was used in
the solution of the Scro¨dinger equation. The size of the
computational space in the direction of propagation of
the pulse (z direction) was 6000 nm. The metal film was
placed at the midplane of the system, i.e., at z = 0. In
numerical solution of the Maxwell equations, we assumed
2that the spatial step was 1 nm and the time step was 0.7
attoseconds (1 as=10−18 s). The optical pulse was gen-
erated at the left boundary and propagated along the
positive direction of the z axis with the polarization of
the electric field along the x axis.
We assume that a single-oscillation pulse form,
Fx(t) = F0e
−u2
(
1− 2u2
)
, (1)
where F0 is the amplitude, which is related to power
P = cF 20 /4π, where c is speed of light, u = t/τ , and
τ is the pulse length, which is set τ = 1 fs in our calcula-
tions. Similarly short pulses have been recently used [10].
The metal can be described by one-particle Schro¨dinger
equation with the Hamiltonian
H =
p
2
2m
+ V (r) + eFx(z, t)x , (2)
where V (r) is the periodic crystal potential, and Fx(z, t)
is the electric field inside the metal, which is found from
the solution of the Maxwell equations. Without the elec-
tric field, the electron system has standard band struc-
ture. Below we consider one conduction band (CB, or
sp-band in silver) and one valence band (VB, or d-band).
We assume that the periodic potential V (r) is sepa-
rable in all three directions, x, y, and z, with period
a. Then the electron dynamics along the direction x of
electric field separates. For each band, the energy dis-
persion law has the tight-binding form [22, 23] Eα(k) =
ǫα +
∆α
2 cos(ka), where α = c or v for CB and VB, re-
spectively, ∆α is the width of band α, and ǫα is the band
offset. In the absence of the optical field, the wave func-
tions satisfy the Bloch theorem, ψαk(x) =
1
2pi e
ikxuαk(x) ,
where uαk(x + a) = uαk(z) are periodic Bloch unit-cell
functions, and k is the (pseudo) wave vector.
In the presence of the optical field, Fx(z, t), we solve
numerically the time-dependent Schro¨dinger equation by
using the Houston functions [24] as the basis and describ-
ing the coupling of VB and CB in terms of the dipole ma-
trix elements Zαα′ – see Eqs. (1)-(5) of Appendix. With
the known time-dependent wave functions, we compute
polarization and current in a standard way to substitute
into for Maxwell equations (see Appendix), thus closing
the problem.
Below we use model parameters corresponding to the
band structure of silver: ǫv = −4.1 eV, ǫc = 0 eV, ∆v =
0.82 eV, and ∆c = −9.1 eV. We choose Zvc = 0.7 eA˚
[25]. The thickness of the film is set h = 25 nm.
In Fig. 1 (a), the spatial distribution of the pulse elec-
tric field is shown for the reflected (left) and transmitted
(right) pulses for amplitudes F0. For a relatively small
field, F0 = 1 V/A˚ < Fc, the nanofilm behaves as a reg-
ular metal with a pronounced skin effect and strong re-
flection of the incident pulse. With increasing the field,
F0 = 2.5 V/A˚ & Fc, the response of the electron system
is highly nonlinear, and the metal film becomes relatively
transparent. Both the reflected and transmitted pulses
are strongly reshaped compared to the incident pulse. As
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F0= 2.5 V/Å
F0= 1.0 V/Å
 
-4
 E
le
ct
ri
c 
fi
el
d,
 F
 (
V
/Å
) 
z (µm)
-2 0 2 4
0
4
8
12 Metal 
nanofilm
F0= 3.5 V/Å
0.0
0.5
1.0
Frequency (1015 Hz)
 S
pe
ct
ra
l 
in
te
ns
it
y 
(a
.u
.)
 
 
 
Sum pulse
(b)
(a)
0.0 2.0 4.0
Transmitted pulse, F0 = 4.5 V/Å
Reflected pulse, F0 = 4.5 V/Å
×10
FIG. 1: Reflected and transmitted pulses. (a) Spatial distri-
butions of the electric field as functions of the propagation co-
ordinate z shown for different values of F0. The metal film of
thickness 25 nm is placed at the center (z = 0) and depicted
as the red stripe. The distribution of electric field consists
of the reflected (to the left) and transmitted (to the right)
pulses propagating in the opposite directions. The size of the
computational field in the z direction is 6000 nm. (b) Spec-
tral intensities of reflected, transmitted, and sum pulses for
F0 = 4.5 V/A˚ as functions of optical frequency f = ω/(2pi).
The transmitted- and sum-pulse spectra are arbitrarily nor-
malized to unity maximum. The reflected pulse spectrum is
normalized by the same coefficient as the transmitted one.
Fragments of the curves at f > 2 PHz are also shown with
the ×10 magnification as indicated on the graph.
the pulse peak field further increased to F0 = 3.5 V/A˚
and F0 = 4.5 V/A˚, the film transparency is further in-
creased, in a sharp contrast to metallic behavior. Also,
there are pronounced sub-wavelength oscillations in the
pulse shape for both the reflected and transmitted fields,
which we interpret as an effect of the Bloch oscillations.
Importantly, in Fig. 1 (a) there are nonzero areas of
each transmitted and reflected pulses (denoted by t and r,
correspondingly), Θ(t,r) =
∫∞
−∞
F (z(t,r), t)dt 6= 0, where
z(t) > 0 and z(r) < 0. This is due to nonlinearity of
the field interaction with the metal. Note that the area
of the incident laser pulse of Eq. (1) is exactly zero.
When the absorption in the matter is small, which is
the case presently, then
∣∣Θ(r) +Θ(t)∣∣ ≪ ∣∣Θ(r)∣∣ + ∣∣Θ(t)∣∣.
This means that the nonlinear transmission and reflec-
tion of the metal nanofilm separates the zero-area laser
pulse into two pulses (transmitted and reflected) with the
non-zero and approximately opposite areas.
Pulses with Θ 6= 0 do not contradict Maxwell equa-
3tions, and they fundamentally can exist. For instance, for
an optically-linear uniform medium, a plane wave with
fields Ex = Hy = f(z − tc), where f is an arbitrary
function, and c is speed of light, is a general solution of
Maxwell equations. Experimentally, near unipolar, half-
cycle electromagnetic pulses were generated by aperiodic
acceleration of electrons in photo-conductive switches in
terahertz spectral region [26, 27]. Such pulses accelerate
and transfer momentum and energy to free and quasi-free
electrons such as those in Rydberg states [26, 27].
The magnitudes and signs of the predominant fields
for both transmission and reflection are determined by
carrier-envelope phase ϕCE of the excitation pulse, as
characteristic for nonlinear effects in a few-oscillation
fields, cf. Refs. 10, 11. Our laser-source pulses possess
ϕCE = 0, see Eq. (1), and nonlinearity is such that both
absorbance and reflectance decrease with the field (cf.
Fig. 3 below); consequently, Θ(t) > 0 and Θ(r) < 0. For
ϕCE = π, the sign of the dominant field would change
to the opposite yielding Θ(t) < 0 and Θ(r) > 0. For
ϕCE = π/2, both the transmitted and reflected pulses
have zero areas. The present effect can be used to gen-
erate near-half-cycle pulses in near-infrared and visible.
In Fig. 1 (b), we display spectral intensities of the
transmitted and reflected pulses I(t,r)(f) =
∣∣∣F (t,r)f ∣∣∣2,
where f = ω/(2π) indicates Fourier transform in terms
of linear frequency. Note that at f = 0, I(t,r)(0) =[
Θ(t,r)
]2
6= 0; this confirms the nonzero areas of the
transmitted and reflected pulses discussed above in the
previous paragraph.
Besides peaks at the carrier frequency, f ≈ 0.25 PHz,
in Fig. 1 (b) there are peaks at the approximately the
third harmonic frequency, f ≈ 0.75 PHz, which are due
to the strong nonlinearity. There are also smaller but still
appreciable peaks at the Bloch frequency, f ≈ 3.5 PHz,
which are shown magnified by a factor of ×10. Observa-
tion of these peaks, which stem from the Bloch oscilla-
tions [14, 16–18], would be the first evidence of the Bloch
oscillations in real crystals.
This enhanced transmission of the ultrastrong optical
pulse is accompanied by an increase of the electric field
Fmetal inside the metal nanofilm. In Fig. 2, we show
the time evolution of this field at the midplane of the
nanofilm in comparison to the incident pulse. At a near-
critical pulse field F0 = 2 V/A˚ ∼ Fc, see Fig. 2 (a), the
electric field Fmetal inside the metal is much weaker than
that of the incident pulse. In contrast, for larger pulse
amplitudes (F0 = 2.5, 3.5 V/A˚), see Fig. 2 (b, c), the
electric field Fmetal becomes comparable to the incident-
pulse electric field. The sharp peaks and high-frequency
oscillations of electric field Fmetal are due to the Bloch
oscillations in electron dynamics, as we discuss below.
The reflectance of the optical pulse (a fraction of the
reflected pulse energy) is shown in Fig. 3(a) as a func-
tion of F0. Strong suppression of the pulse reflectance
and correspondingly increase of the pulse transmission
for F0 > Fc ∼ 2 V/A˚ is clearly visible. The suppression
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FIG. 2: The electric field of the incident pulse (black lines)
and the electric field at the midpoint of the metal film (red
line) are shown for different values of the peak electric field
F0 of the incident pulse: (a) F0 = 2.0 V/A˚, (b) F0 = 2.5 V/A˚,
and (c) F0 = 3.5 V/A˚. Note that the pulse areas are non-zero,
cf. discussion of Fig. 1, which causes net current and charge
transfer along the metal in the x direction.
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FIG. 3: (a) The reflectance of optical pulse (black line) and
the maximum electric field at the midpoint of the nanofilm
(red line) are shown as functions of the peak electric field F0
of the incident pulse. The maximum electric field in the metal
film is shown in units of the peak electric field F0. (b) The
absorbance of the optical pulse is shown as a function of the
peak electric field F0.
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FIG. 4: Bloch oscillations in the transmitted field and elec-
tron momentum. (a) Electric field distribution in space of
the transmitted optical pulse is shown for different values
of F0. (b) The corresponding dimensionless time-dependent
wave vectors in the first Brillouin zone akT (q = 0, t) as func-
tions of time t. The origin of time is chosen arbitrary, and
the graphs are offset vertically for clarity.
of the reflectance is correlated with increase of the electric
field inside nanofilm shown by the red line in Fig. 3(a) as
Fmetalmax /F0. The strong changes in both reflectance and
internal electric field occur at F0 ∼ Fc ∼ 2 V/A˚.
The absorbance of the metal nanofilm, calculated
as a fraction of the pulse energy dissipated inside the
nanofilm, is illustrated in Fig. 3 (b) as a function of
amplitude F0. This predicted behavior is very unusual.
At a low pulse amplitude, the absorbance is under-
standably low due to the skin effect since most of the
pulse is reflected back. Then as F0 increases, the ab-
sorbance increases dramatically reaching≈ 4% maximum
for F0 ≈ 3 V/A˚ & Fc, which is attributed to the Bloch
oscillations and WS localization leading to the collapse
of the skin effect – cf. the red line in panel (a). With
the further increase of F0, the absorbance decreases de-
spite the field in the metal being almost the same. This
can be understood as the nanofilm acquiring properties
of semimetal with a low active conductivity and, conse-
quently, low optical loss characteristic of semimetals in
contrast to good (plasmonic) metals.
The power density dissipated from a single pulse in the
metal reaches its maximum also at F0 ≈ 3 V/A˚. After its
dissipation and thermal equilibration, this causes an esti-
mated increase of the nanofilm temperature by ∼ 500 K.
Thus the metal may survive such a high-intensity pulse
without a damage. This is attributed to loss of the metal-
lic and onset of semimetallic properties by the nanofilm.
Our theory explains the absence of optical damage of
metal electrodes subjected to comparable pulses in ex-
periments [10]. A resistance of dielectrics to high power
intensities has also been proven experimentally [10].
The origin of this highly nonlinear behavior of a metal
film in a strong optical field can be understood from elec-
tron dynamics within a single conduction band. In the
optical field, an electron with initial wave vector q is mov-
ing in the reciprocal space following the time-dependent
wave vector kT (q, t), see Eq. (6) in Appendix. There-
fore, all electrons are shifted in the reciprocal space by
the same wave vector ∆q(t) = e
~
∫ t
Fx(z, t1)dt1, and the
net current is generated. For a strong pulse, the shift
∆q is large and, for F0 & Fc, can become greater than
the Brillouin zone extension k = 2π/a, causing the Bragg
reflection of the electrons, which results in the Bloch os-
cillations and in the onset of the WS localization states.
At F0 & Fc, the electron current acquires oscillations
at Bloch frequency ωB & 4ω, which suppresses the sus-
ceptibility at the optical frequency ω. This results in the
loss of the metallic optical properties. Since the electron
spectrum is discreet (the WS ladder) and, consequently,
the density of states at the Fermi level is zero, the metal
in the strong optical fields behaves as a semimetal with
a relatively high transparency and low reflection.
In Fig. 4(a), the spatial distribution of electric field in
the transmitted optical pulse is shown for different val-
ues amplitude F0. With increasing F0 above the thresh-
old Fc ≈ 2 V/A˚, well pronounced Bloch oscillations de-
velop in the field distribution. Their total number is pro-
portional to field amplitude, n ≈ |e|aF0/(2~ω). This is
the number of times that an accelerated electron crosses
the Brillouin zone boundary, as can be illustrated by the
comparison to the temporal dependence of the electron
quasi-momentum displayed in Fig. 4(b). These Bloch
oscillations are also visible in the temporal evolution of
electric field inside the metal film – Fig. 2.
To briefly conclude, we have predicted a highly un-
usual and interesting behavior of metal nanofilms sub-
jected to strong ultrashort (single-oscillation) optical
pulses with the field amplitude ∼ 3 V/A˚ (intensity
∼ 2.4 × 1014 W/cm2). This includes such effects as
reduction of the metallic high reflection (suppression of
the skin effect) and great increase of transmission of the
pulse energy through the nanofilm, while both the ab-
sorbance and the total energy deposition dramatically
decrease at the high pulse intensity. This indicates that
the optical field induced a transition to a semimetal-
lic state. These phenomena develop at subcycle times
. 1 fs and are driven by the pulse instantaneous ampli-
tude. The metal almost returns to its original state by
the end of the pulse. The transformation of the metal
to a semimetal predicted in this Letter follows the opti-
cal field and is reversible. The transmitted and reflected
5pulses possess non-zero areas, which will cause net cur-
rent (charge transfer) in media they affect. In fact, the
highly-nonlinear reflection and transmission phenomena
described in this Letter can be used to generate ultra-
short pulses where the electric field is predominantly in
one direction. The modulation depth for the transmitted
pulses is very high, which shows prospects of using metals
as active elements in ultrafast modulators and field-effect
transistors with petahertz bandwidth.
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Appendix
In the presence of the optical field, Fx(z, t), we express
the general solution of the time-dependent Schro¨dinger
equation in the basis of the Bloch functions as
Ψ(x, z, t) =
√
a
2π
∑
α=v,c
∫ pi/a
−pi/a
dk φα(k, z, t)ψαk(x) , (3)
where φα(k, z, t) can be expressed in term of the Houston
functions [24] Φ
(H)
αq (k, z, t),
φα(k, z, t) =
∑
q
βˆα(q, z, t)Φ
(H)
αq (k, z, t) , (4)
Φ(H)αq (k, z, t) = δ˜ (k − kT (q, t))×
exp
{
−i
(
t
ǫα
~
+
∆α
2~
∫ t
−∞
dt1 cos [kT (q, t1)a]
)}
. (5)
Here the time-dependent wave vector is defined as
kT (q, t) = q +
e
~
∫ t
−∞
Fx(z, t1)dt1, (6)
and δ˜(k) =
∑
n δ(k + 2πn/a), where n = 0,±1, . . . , and
δ(k) is the Dirac delta-function. The Houston functions
are exact solutions of the time-dependent Schro¨dinger
equation for a single band with the Bloch function ψαq(x)
as the initial condition at t = −∞.
Expansion coefficients βˆα(q, z, t) satisfy the equations
dβˆα(q, z, t)
dt
= −i
Fx(z, t)
~
∑
α′ 6=α
Qαα′(q, z, t)βˆα′(q, z, t) ,
where we denoted
Qαα′(q, z, t) = Zαα′ exp
{
i
[
t
ǫα − ǫα′
~
+
∆α −∆α′
2~
∫ t
−∞
dt1 cos
(
q +
ea
~
∫ t1
−∞
Fx(z, t2)dt2
)]}
,
Zαα′ =
e
a
∫ a
−a
dz uαk(z)
∗i
∂
∂k
uα′k(z) . (7)
Here dipole matrix elements Zαα′ describe diabatic cou-
pling of VB and CB in optical field.
The electric current generated by electron dynamics
in the optical-pulse electric field has two contributions,
interband and intraband, and is expressed as
Jx = J
inter
x + J
intra
x . (8)
The interband current is
J interx (z, t) = ∂P
inter
x (z, t)/∂t , (9)
where ∂P interx (z, t) is the interband polarization, which
has the following form
P interx (z, t) =
1
2πa3
×∫ pi
−pi
dq
∑
µ=v,c
fµ(q)
[
B(µ)†(q, z, t)Qˆ(q, z, t)B(µ)(q, z, t)
]
,
(10)
where Qˆ is matrix with elements (7) Qαα′ , and B
(µ) =
(βˆv, βˆc) is a two-component vector, which is determined
by the solution of Eq. (7) with the following initial con-
ditions: B(v) = (1, 0) and B(c) = (0, 1). Here fµ(q) is the
Fermi factor, which is 1 for initially occupied states, i.e.
fµ=v(q) = 1 and fµ=c(|q| < kF ) = 1, where kF is the
Fermi wave vector, and it is zero otherwise. The intra-
band current is due to shifting of electrons in space and
is expressed as
J intrax (z, t) =
1
2πa3
∫ pi
−pi
dq sin [kT (q, t)a]×
∑
µ=v,c
fµ(q)
[ ∑
α=v,c
B(µ)†α (q, z, t)
∆α
2~
B(µ)α (q, z, t)
]
.
(11)
[1] M. Lenzner, J. Kruger, S. Sartania, Z. Cheng, C. Spiel-
mann, G. Mourou, W. Kautek, and F. Krausz, Phys.
Rev. Lett. 80, 4076 (1998).
[2] L. Miaja-Avila, C. Lei, M. Aeschlimann, J. L. Gland,
M. M. Murnane, H. C. Kapteyn, and G. Saathoff, Phys.
Rev. Lett. 97, 113604 (2006).
[3] M. Gertsvolf, M. Spanner, D. M. Rayner, and P. B.
Corkum, J. Phys. B 43, 131002 (2010).
6[4] A. V. Mitrofanov, A. J. Verhoef, E. E. Serebryannikov,
J. Lumeau, L. Glebov, A. M. Zheltikov, and A. Baltusˇka,
Phys. Rev. Lett. 106, 147401 (2011).
[5] S. Ghimire, A. D. DiChiara, E. Sistrunk, P. Agostini,
L. F. DiMauro, and D. A. Reis, Nature Phys. 7, 138
(2011).
[6] M. Durach, A. Rusina, M. F. Kling, and M. I. Stockman,
Phys. Rev. Lett. 105, 086803 (2010).
[7] M. Kruger, M. Schenk, and P. Hommelhoff, Nature 475,
78 (2011).
[8] S. Zherebtsov, T. Fennel, J. Plenge, E. Antonsson,
I. Znakovskaya, A. Wirth, O. Herrwerth, F. Suessmann,
C. Peltz, I. Ahmad, et al., Nat. Phys. 7, 656 (2011).
[9] M. Durach, A. Rusina, M. F. Kling, and M. I. Stockman,
Phys. Rev. Lett. 107, 086602 (2011).
[10] A. Schiffrin, T. Paasch-Colberg, N. Karpowicz,
V. Apalkov, D. Gerster, S. Muhlbrandt, M. Korb-
man, J. Reichert, M. Schultze, S. Holzner, et al., Nature
doi: 10.1038/nature11567 (2012).
[11] M. Schultze, E. M. Bothschafter, A. Sommer, S. Holzner,
W. Schweinberger, M. Fiess, M. Hofstetter, R. Kien-
berger, V. Apalkov, V. S. Yakovlev, et al., Nature doi:
10.1038/nature11720 (2012).
[12] G. H. Wannier, Elements of Solid State Theory (Cam-
bridge University Press, Cambridge, England, 1959).
[13] G. H. Wannier, Phys. Rev. 117, 432 (1960).
[14] F. Bloch, Z. Phys. A 52, 555 (1929).
[15] M. I. Stockman, Opt. Express 19, 22029 (2011).
[16] E. E. Mendez and G. Bastard, Phys. Today 46, 34 (1993).
[17] J. Feldmann, K. Leo, J. Shah, D. A. B. Miller, J. E.
Cunningham, T. Meier, G. von Plessen, A. Schulze,
P. Thomas, and S. Schmitt-Rink, Phys. Rev. B 46, 7252
(1992).
[18] T. Dekorsy, P. Leisching, C. Waschke, K. Kohler, K. Leo,
H. G. Roskos, and H. Kurz, Semicond. Sci. Tech. 9, 1959
(1994).
[19] K. F. MacDonald, Z. L. Samson, M. I. Stockman, and
N. I. Zheludev, Nat. Phot. 3, 55 (2009).
[20] K. S. Kunz and R. J. Luebbers, The Finite Difference
Time Domain Method for Electromagnetics (CRC Press,
Boca Raton, 1993).
[21] A. Taflove, Computational Electrodynamics: The Finite-
Difference Time-Domain Method (Artech House, Boston,
2005).
[22] J. C. Slater and G. F. Koster, Phys. Rev. 94, 1498 (1954).
[23] T. Frauenheim, G. Seifert, M. Elstner, Z. Hajnal,
G. Jungnickel, D. Porezag, S. Suhai, and R. Scholz, Phys
Status Solidi B 217, 41 (2000).
[24] W. V. Houston, Phys. Rev. 57, 184 (1940).
[25] B. R. Cooper and H. Ehrenreich, Phys. Rev. B 138, 494
(1965).
[26] R. R. Jones, D. You, and P. H. Bucksbaum, Phys. Rev.
Lett. 70, 1236 (1993).
[27] C. Raman, C. W. S. Conover, C. I. Sukenik, and P. H.
Bucksbaum, Phys. Rev. Lett. 76, 2436 (1996).
